INTRODUCTION
Polarized cell division, the process of dividing the cell along a predetermined axis, is central to the development of complex biological systems. Cell intrinsic and/or extrinsic cues establish these axes, and the mitotic spindle must be positioned along them to ensure that each daughter cell receives a full genomic complement. Feedback mechanisms have been identified in cultured rat kidney cells and Drosophila germline stem cells that delay the cell cycle in response to defects in spindle position, but this mechanism is best understood in budding yeast (Cheng et al., 2008; O'Connell and Wang, 2000; Yeh et al., 1995) . In yeast, the site of bud formation and therefore cytokinesis is determined during G1. Thus, the axis of division is defined prior to mitosis, and the mitotic spindle must be aligned along this mother-bud axis during every cell division. When this process fails, a surveillance mechanism known as the spindle position checkpoint (SPOC) delays mitotic exit to provide the cell with an opportunity to reposition the spindle and thus partition the genetic material equally prior to spindle disassembly and cytokinesis. When this surveillance mechanism fails, cells that misposition their spindles give rise to mitotic products with too many or too few nuclei (Yeh et al., 1995) .
Mitotic exit is controlled by a signaling pathway known as the mitotic exit network (MEN). The central switch of the MEN is the small GTPase Tem1, which localizes to spindle pole bodies (SPBs, yeast centrosomes) during mitosis (Bardin et al., 2000; Molk et al., 2004; Pereira et al., 2000; Shirayama et al., 1994b) . At the SPB, activated Tem1 (presumably Tem1-GTP) transduces a signal through a two-kinase cascade, ultimately resulting in the activation of the phosphatase Cdc14. Cdc14 brings about the inactivation of mitotic cyclin-dependent kinases, which results in spindle disassembly, cytokinesis, and ultimately, resetting of the cell to a G1-like state (reviewed in Stegmeier and Amon, 2004) .
Tem1 is positively regulated by the bud cortex-localized protein, Lte1, and negatively by the two-component GTPaseactivating protein (GAP) complex, Bub2-Bfa1 (Bardin et al., 2000; Bloecher et al., 2000; Geymonat et al., 2002; Lee et al., 1999; Li, 1999; Pereira et al., 2000; Shirayama et al., 1994a) . The GAP complex in turn is inhibited by the Polo-like kinase, Cdc5 (Geymonat et al., 2003; Hu et al., 2001) . During metaphase, Tem1 and the GAP complex localize to both SPBs; during anaphase, they become concentrated at the SPB that migrates into the bud (Bardin et al., 2000; Fraschini et al., 1999; Lee et al., 1999; Li, 1999; Molk et al., 2004; Pereira et al., 2000) .
The SPOC inhibits the MEN at the level of Tem1 activation. The protein kinase Kin4 and the protein phosphatase PP2A-Rts1 are essential for SPOC function (Chan and Amon, 2009; D'Aquino et al., 2005; Pereira and Schiebel, 2005) . Kin4 localizes to the mother cell cortex throughout the cell cycle and at the mother SPB in mid-anaphase, where it phosphorylates Bfa1 and protects the GAP complex from inhibitory phosphorylation by Cdc5 (Maekawa et al., 2007) . In cells with mispositioned spindles, Kin4 associates with both anaphase SPBs, phosphorylates the GAP complex at both SPBs, and thus inhibits the MEN (Maekawa et al., 2007; Pereira and Schiebel, 2005) . The protein phosphatase PP2A-Rts1 regulates Kin4's phosphorylation state and promotes the loading of Kin4 onto SPBs, which is essential for SPOC function (Chan and Amon, 2009 ).
How the cell monitors spindle position and translates this spatial information to regulate the MEN is only partially understood. Emergence of a Tem1-bearing SPB into the bud where Lte1 resides ensures that Tem1 activation by Lte1 only occurs when the spindle elongates along the mother-bud axis (Bardin et al., 2000; Pereira et al., 2000) . The importance of spatial restriction of Lte1 to the bud is underscored by experiments that inappropriately place Lte1 in the mother cell, thus leading to premature mitotic exit when the spindle is mispositioned (Bardin et al., 2000; Castillon et al., 2003; Geymonat et al., 2009) . Fission yeast appears to promote activation of the Tem1 homolog, Spg1, through a strikingly similar mechanism (García-Corté s and McCollum, 2009 ).
However, restricting Lte1 to the bud cannot be the only mechanism that regulates Tem1 in response to spindle position, because Lte1 is only essential for mitotic exit at low temperatures (Adames et al., 2001; Shirayama et al., 1994a) . Many other mechanisms have been proposed to act in addition to Lte1 (Adames et al., 2001; D'Aquino et al., 2005; Fraschini et al., 2006) . We have proposed the key parallel mechanism to be Kin4-mediated MEN inhibition (D'Aquino et al., 2005) and, based on the restriction of Kin4 to the mother cell cortex and Lte1 to the daughter cell cortex, put forward a ''zone model'' that states that in order for the MEN to signal, a Tem1-bearing SPB must first escape the zone of inhibition or the mother cell where Kin4 resides and then enter the zone of activation or the daughter cell where Lte1 resides. This proposed function of Kin4 has, however, not been tested.
To shed light on whether and how Kin4 is regulated by spindle position defects, we have defined the regions within Kin4 that mediate its MEN-inhibitory function and its cortical localization in the mother cell. This analysis identified a C-terminal cortical localization domain and a single amino acid, serine 508, which is necessary for restriction to the mother cell cortex. Mutation of this serine did not increase Kin4 activity or protein levels but led to the association of Kin4 with both the mother and daughter cell cortices, allowing us to test the validity of the zone model of Kin4 function. We find that symmetrically localized Kin4 inhibits the MEN in the absence of spindle position defects but only in the absence of the MEN activator Lte1. These data not only demonstrate that when present in the same compartment, Lte1's MEN-promoting activity dominates over Kin4's MEN inhibitory activity, but also show that Kin4 establishes a MENinhibitory zone in the mother cell that the MEN-bearing SPB must escape in order to promote exit from mitosis. Our data further indicate that Kin4 is not activated by spindle position defects but that Kin4 is active in every cell cycle to restrain MEN signaling in the mother cell. Thus, cells ensure the accurate partitioning of the genetic material between mother and daughter cells by establishing zones of MEN inhibition and activation that allows the translation of spatial cues into a cellcycle signal.
RESULTS

KIN4 Acts in Every Cell Cycle
The zone model, where spindle position is sensed and translated by a sensor (Tem1) that moves from an inhibitory (Kin4) to an activating (Lte1) zone, makes the following predictions: (1) Kin4 and Lte1 should not be regulated by spindle position but should control the MEN during every cell cycle, (2) targeting Lte1 to the mother cell should promote mitotic exit in cells with mispositioned spindles (this was indeed found to be the case) (Bardin et al., 2000; Castillon et al., 2003; Geymonat et al., 2009) , and (3) targeting Kin4 to both the mother cell and the bud should inhibit mitotic exit. We tested prediction number 1 first. The Cdc14 early anaphase release (FEAR) network is a nonessential pathway that acts in parallel to the MEN to promote timely mitotic exit. Simultaneous deletion of LTE1 and FEAR network components such as SPO12 results in lethality (Stegmeier et al., 2002) . The observation that kin4D suppresses the lethality of lte1D spo12D double mutants indicated that KIN4 restrains MEN activity even in an unperturbed cell cycle (D'Aquino et al., 2005) . The analysis of lte1D kin4D double mutants further confirmed this notion. lte1D mutants are unable to proliferate at temperatures below 18 C because of an inability to exit from mitosis (Shirayama et al., 1994a ) ( Figure 1A ). Deletion of KIN4 completely suppressed this proliferation defect of the lte1D mutant, similar to deletion of BUB2 (Pereira and Schiebel, 2005; Yoshida et al., 2003) ( Figure 1A ). Furthermore, we found that the 15 min delay in mitotic exit observed in lte1D cells at room temperature was fully suppressed by the deletion of KIN4 (note that this result also demonstrates that LTE1 is required for efficient mitotic exit during every cell cycle) (Adames wild-type kin4∆ bub2∆ lte1∆ lte1∆ kin4∆ lte1∆ bub2∆ Figure 1 . Kin4 Inhibits the MEN in Every Cell Cycle (A) Wild-type (A2587), lte1D (A24807), bub2D (A23045), kin4D (A17865), lte1D bub2D (A24808), and lte1D kin4D (A24806) cells were spotted on YePAD plates and incubated at 30 C and 16 C. Pictures shown represent growth from 2 days for the 30 C condition and 10 days for 16 C. The first spot represents growth of approximately 3 3 10 4 cells, and each subsequent spot is a 10-fold serial dilution. (B) Cells in (A) were arrested in G1 with 5 mg/ml a factor and released into pheromone-free media at room temperature. After 70 min, 10 mg/ml a factor was added to prevent entry into the subsequent cell cycle. Cells were collected every 15 min and stained for tubulin by indirect immunofluorescence and for the DNA with DAPI. Anaphase was determined by spindle and nuclear morphology. n R 100 cells. Bardin et al., 2000; Jensen et al., 2004) ( Figure 1B ). The extent of the suppression was similar to that caused by deletion of BUB2 ( Figure 1B ). Our data indicate that KIN4 antagonizes mitotic exit during every cell cycle.
The N-Terminal Kinase Domain of Kin4 Mediates Inhibition of Mitotic Exit
To test the prediction that targeting of Kin4 to the mother and daughter cell cortex inhibits mitotic exit, we first needed to create an allele of KIN4 that localizes to both the mother cell and bud while retaining its MEN-inhibitory function. To this end, we characterized the functional domains of Kin4. The kinase activity of Kin4 is absolutely required for its ability to inhibit the MEN (Chan and Amon, 2009) . During spindle misposition, Kin4 must phosphorylate the GAP complex and protect it from inhibitory phosphorylation by Cdc5 to maintain a cell-cycle arrest (Maekawa et al., 2007) . Previous findings have suggested that the inhibition of the MEN by the SPOC and thus Kin4 is quite potent. Cells that misposition their spindles were observed to delay mitotic exit for over 3 hr (Yeh et al., 1995) . Additionally, overexpression of Kin4 arrests cells in anaphase and is suppressed by bub2D, indicating that Kin4 is a potent inhibitor of the MEN (D'Aquino et al., 2005) ( Figure 2B ). We find that overexpression of the kinase domain alone (kin4(1-341)) from the GAL1-10 promoter is lethal (Figure 2A , region i). This lethality is due to an inability to exit mitosis, as deletion of BUB2 restored the viability of GAL1-10-kin4(1-341) cells ( Figure 2B ).
Despite retaining the ability to inhibit the MEN when overexpressed, we found that kin4(1-341) was unable to support checkpoint function when expressed at endogenous levels.
Cells lacking dynein (dyn1D) frequently misposition their spindles (particularly at cold temperatures, 14 C) and delay exit from mitosis (Li et al., 1993) . Thus dyn1D cultures accumulate cells with a mispositioned anaphase spindle bridging the two nuclei entirely in the mother cell body (''arrested'' morphology). KIN4 function is required for this delay in exit from mitosis, as kin4D cells with mispositioned spindles exit from mitosis prematurely and produce anucleate and multinucleated cells (''bypassed'' morphology) (D'Aquino et al., 2005; Pereira and Schiebel, 2005) . dyn1D cultures grown at 14 C for 24 hr accumulated 20% of cells with the arrested morphology and 6.3% of cells with the bypassed morphology ( Figure 2C ). In dyn1D kin4D double mutant cultures, 4.3% of cells exhibited the arrested morphology and 28.7% of cells exhibited the bypassed morphology ( Figure 2C ). As previously reported, the kinase dead allele of KIN4, kin4-T209A, also failed as a checkpoint component (Chan and Amon, 2009 ) ( Figure 2C ). The dyn1D kin4(1-341) mutant behaved as the dyn1D kin4D or dyn1D kin4-T209A mutant ( Figure 2C ). This failure of kin4(1-341) to function in the SPOC could not be attributed to defects in kinase activity, as levels of associated kinase activity were similar between the full-length and truncation constructs, as judged by in vitro immunoprecipitation kinase assays ( Figure S1A ). We conclude that the kinase domain alone of Kin4 is a potent inhibitor of the MEN but that critical regions required for regulating its function must reside in Kin4 C-terminal to the kinase domain.
The C Terminus of Kin4 Mediates Cortical Localization
To identify regions of Kin4 outside the kinase domain that might be important for Kin4 function, we aligned the sequence of Kin4 iii Dextrose Galactose
The amino acid sequence of Kin4 and its orthologs were aligned using T-Coffee, and the alignment score was plotted against the amino acid position. The three major regions of conservation are labeled i, ii, and iii, with the amino acid positions marked.
, and pGAL1-10-GFP-kin4(1-341) bub2D (A24113) cells were spotted on plates containing either glucose or galactose and raffinose as in Figure 1A .
, and dyn1D kin4-T209A (A22736) were grown at 14 C for 24 hr. Cells were stained as in Figure 1B . n R 100 cells per sample. Error bars represent SEM. and its orthologs in other members of the Saccharomycetaceae family. This alignment revealed three major regions of high conservation. The highly conserved amino acids 43-313 encode the kinase domain (region i, Figure 2A ). Residues 503-511 (region ii) and the C terminus of the protein (region iii) also contained highly conserved regions (Figure 2A ).
To examine the functions of the C-terminal region, we generated truncations of KIN4 that lack the C-terminal 146 amino acids (kin4(1-654)) and that contain only the C-terminal 146 amino acids (kin4(655-800)) and found that they expressed well ( Figure S2A ). We fused kin4(1-654) to GFP and observed several localization defects. Kin4 normally localizes to the mother cell cortex throughout the cell cycle (D'Aquino et al., 2005; Pereira and Schiebel, 2005 ) ( Figure 3A ). Interestingly, kin4(1-654) did not localize to the mother cell cortex but the bud cortex in small-budded cells, but this localization did not persist in later stages of the cell cycle ( Figure 3A ). Full-length Kin4 also localizes to the mother cell spindle pole body (mSPB) during anaphase, but kin4(1-654) did not (Pereira and Schiebel, 2005) (Figures 3A and 3C ).
kin4(655-800) displayed a different set of localization defects. We observed that kin4(655-800) localized to both the mother and daughter cell cortices in all phases of the cell cycle but failed to load onto either SPB in anaphase ( Figures  3A and 3C ). Next, we mutated three strictly conserved residues in the highly conserved tail of Kin4 and found that when F793 was mutated to alanine, the C-terminal domain no longer efficiently localized to the cortex ( Figures S2C-S2E ). Full-length Kin4 carrying this mutation (kin4-F793A) expressed well but also inefficiently localized to the cortex ( Figures 3B and S2B ). Consistent with cortical localization being required for SPB localization, kin4-F793A loading onto SPBs was also significantly reduced (17% for kin4-F793A versus 56% for wild-type Kin4) ( Figures  3B and 3C ). We next examined the checkpoint function of the kin4(1-654) and kin4-F793A alleles. We found that both alleles behaved like the deletion of KIN4 with respect to SPOC function ( Figure 3D ). We conclude that the C terminus of Kin4 contains a cortical localization domain but that this domain cannot mediate mother cell-restricted cortical localization or SPB localization. Furthermore, this domain is required for Kin4's checkpoint function.
Amino Acids 503-511 Are Necessary for Asymmetric Cortical Association of Kin4
To determine the function of the conserved nine amino acids at position 503-511 (region ii, Figure 2A ), we examined the consequences of deleting this region on Kin4 localization. We found that like wild-type, kin4(D503-511) associated with the cortex in G1 cells. However, in small-budded cells, the protein was transiently enriched at the bud cortex and was evenly distributed between the mother and bud cortices during the remainder of the cell cycle ( Figure 3E ). Association of Kin4 with the mSPB was not affected by this internal deletion ( Figure 3E ). An alanine scan of this region identified a single amino acid substitution that resulted in the same symmetric cortical localization at serine 508 ( Figure 3E ). This symmetric cortical localization cannot be attributed to increases in protein abundance, as kin4(D503-511) and Kin4-S508A expressed similarly to wild-type ( Figure 3F ). We conclude that amino acids 503-511 and specifically serine 508 are necessary for asymmetric cortical localization of Kin4.
Symmetric Kin4 Delays Mitotic Exit in the Absence of LTE1
If a Tem1-bearing SPB must escape the zone of Kin4 influence to activate the MEN, then a symmetrically localized Kin4 should delay or prevent exit from mitosis. To test this prediction of the zone model, we released wild-type and KIN4-S508A mutant cells from a pheromone-induced G1 arrest and monitored anaphase entry and exit by spindle morphology. Inconsistent with the prediction, cells expressing KIN4-S508A as the sole source of KIN4 progressed through the cell cycle with wildtype kinetics ( Figure 4A) .
Previous experiments localizing Lte1 to the mother cell showed that this mislocalization is sufficient to bypass the SPOC and prematurely activate the MEN. These experiments not only demonstrated the importance of restricting Lte1 to the bud, but also imply that when Lte1 and Kin4 are in the same cellular compartment, the mitotic exit-promoting activity of Lte1 dominates over the mitotic exit-inhibitory effects of Kin4. In light of this observation, symmetric Kin4 should not inhibit mitotic exit, since Lte1 is still present in the bud. However, if the zone model is correct, symmetrically localized Kin4 should inhibit mitotic exit in cells lacking LTE1. To test this hypothesis, we first constructed a conditional allele of LTE1 by fusing the degradation tag, ubiquitin-arginine-lacZ, to the coding sequence of LTE1 and placed the fusion under the control of the GAL1-10 promoter (LTE1-deg). This fusion protein was efficiently depleted after 3 hr in glucose at room temperature ( Figure 4B ). Consistent with efficient depletion, we find that depletion of Lte1 led to loss of viability in cells lacking the FEAR network component SPO12 ( Figure 4C ).
Under conditions of Lte1 depletion (glucose), KIN4-S508A and LTE1-deg single mutants grew similarly to wild-type cells, but proliferation was severely hampered in the double mutant ( Figure 4D ). To determine if this proliferation defect was due to a defect in exit from mitosis, we monitored accumulation of anaphase cells in single and double mutants. In glucose, both KIN4-S508A and LTE1-deg cultures behaved as the wild-type and accumulated 10%-20% anaphase cells at any given time ( Figure 4E ). In contrast, LTE1-deg KIN4-S508A double mutant cultures accumulated cells with anaphase spindles over time, with 40% of cells arresting in anaphase after 8 hr in glucose ( Figure 4E ). The mitotic exit-inhibitory effect of the KIN4-S508A allele cannot be attributed to increased protein abundance or kinase activity ( Figures 3F and 4F) . In fact, Kin4-associated kinase activity was slightly reduced in the KIN4-S508A mutant (73.8% ± 4.4% of wild-type activity). Our results show that symmetric Kin4 inhibits mitotic exit in the absence of LTE1. Furthermore, these data indicate that Lte1's MEN-promoting function dominates over Kin4's MEN-inhibitory function. With respect to sensing spindle position, our data show that the daughter-bound SPB must escape the zone of Kin4 influence in order for the MEN to signal.
The zone model also predicts that a symmetrically localized Kin4 should have no effect on SPOC function. Since the SPBs of a mispositioned spindle never escape the mother cell, symmetric localization of Kin4 is inconsequential. Indeed, we found that KIN4-S508A retained full checkpoint function ( Figure 4G ). The findings that symmetric Kin4 inhibits mitotic exit in the absence of Lte1 and retains full checkpoint function support the zone model.
Kar9 and Clb4 Prevent Kin4 from Loading onto the Daughter SPB Kin4 association with SPBs is critical for its MEN-inhibitory function (Maekawa et al., 2007) . Analysis of Kin4-S508A localization revealed that despite the protein associating with the bud cortex, Kin4-S508A loaded onto the daughter cell SPB (dSPB) in only 3.8% of anaphase cells ( Figures 3E and 5A) . In contrast, Kin4-S508A associated with the mSPB in 51% of anaphase cells ( Figure 5A ). This finding indicates that additional layers of regulation must exist to exclude Kin4 from the dSPB. The microtubule motor dynein (Dyn1), the cytoskeletal adaptor protein Kar9, and the B-type cyclin Clb4 have all previously been implicated in regulating the asymmetric distribution of proteins between mother and daughter SPBs (Lee et al., 2003; Liakopoulos et al., 2003; Maekawa and Schiebel, 2004; Maekawa et al., 2003) . We therefore tested whether deletion of any of these factors affected the association of Kin4-S508A with SPBs. We found no increase in the number of cells with Kin4-S508A at both SPBs in the dyn1D mutant (4.5%), a modest increase in the kar9D mutant (8%), and the largest increase in the clb4D mutant cells (16%) ( Figure 5A ). Analysis of SPB localization in the kar9D clb4D double mutant showed no additive effects, suggesting that KAR9 and CLB4 act in the same pathway to exclude Kin4 from the dSPB ( Figure 5A ). In cells with Kin4-S508A localizing to both SPBs, we often (46 of 70 cells with Kin4-S508A at both SPBs) observed the GFP signal to be stronger on the mSPB, suggesting that Kar9 and Clb4 are not the only factors that mediate Kin4 exclusion from SPBs ( Figure 5B ). Wild-type Kin4 did not load onto dSPBs in clb4D mutants, suggesting that Kin4 first needs to be targeted to the daughter cell to load onto the dSPB ( Figure 5A ). We conclude that the dSPB-specific factors, Kar9 and Clb4, contribute to the exclusion of Kin4-S508A from the dSPB.
Increased dSPB Loading of Kin4 Enhances the Mitotic Exit Defect of KIN4-S508A LTE1-deg Cells
To test whether increased loading of Kin4-S508A onto the dSPB enhances the mitotic exit defect of cells lacking Lte1 and containing symmetric Kin4, we examined the consequences of deleting KAR9 or CLB4 on KIN4-S508A LTE1-deg cells. Deletion of KAR9 mildly enhanced the proliferation defect of KIN4-S508A LTE1-deg mutants ( Figure 6A ). Deletion of CLB4 enhanced the proliferation defect of KIN4-S508A LTE1-deg cells 10-fold ( Figure 6A, rows 2 and 4) . Neither KIN4-S508A clb4D nor LTE1deg clb4D double mutants displayed any proliferative defects, consistent with the notions that Lte1 dominates over Kin4's inhibition of the MEN and that Kin4 must load onto both SPBs to inhibit mitotic exit ( Figure 6A , rows 6 and 7). Deletion of BUB2 fully suppressed the proliferative defect of KIN4-S508A LTE1-deg clb4D mutants, indicating that the proliferation defect is due to MEN inhibition ( Figure 6A , row 5). Cytological examination of cells confirmed this. We observed a severe anaphase delay in the KIN4-S508A LTE1-deg clb4D mutant that was completely suppressed by deletion of BUB2 ( Figure 6B) .
A fusion construct between Kin4 and a fragment of the SPB resident protein, Spc72 (kin4-Spc72(177-622), henceforth Figure 1B. (B) Cells expressing a URL-3HA-Lte1 fusion protein (A23686) from the galactose-inducible promoter were grown in YePA + 2% raffinose + 2% galactose (YePA + RG) to exponential phase. Glucose (2%) was added to the media at time = 0 to repress the GAL promoter, and samples were collected for western blot analysis. Kar2 was used as a loading control.
(C) pGAL1-10-URL-3HA-LTE1 (LTE1-deg) (A23686), spo12D (A4874), and LTE1-deg spo12D (A24543) cells were spotted on plates containing either glucose or galactose and raffinose as in Figure 1A . shown. The band that is shown for Kin4-associated kinase activity and total Bfa1 substrate is the first major degradation product of MBP-Bfa1 as described in Maekawa et al. (2007) and was the dominant signal. (G) dyn1D (A17349), dyn1D kin4D (A17351), and dyn1D KIN4-S508A (A21301) were analyzed as in Figure 2C . kin4-SPB) was previously constructed, and cells expressing this fusion protein displayed a very subtle delay in mitotic exit but failed to inhibit the MEN in response to spindle position defects (Chan and Amon, 2009; Maekawa et al., 2007) . Consistent with the subtle cell-cycle delay, we observed no detectable loss in proliferative capacity in the kin4-SPB mutant ( Figure 6C , row 2). When combined with the LTE1-deg allele, kin4-SPB led to a subtle proliferation defect that was not nearly as severe as that observed in KIN4-S508A LTE1-deg or KIN4-S508A LTE1deg clb4D cells ( Figure 6C, rows 4 and 6) . This finding suggests that while kin4-SPB is hypermorphic for SPB loading, it is also hypomorphic for MEN inhibition once at the SPB. This loss of function is likely due to the effects of the protein fusion. Importantly, the kar9D and clb4D mutations did not enhance the growth defect of LTE1-deg kin4-SPB mutants, indicating that the phenotypic enhancement these mutations lend to the KIN4-S508A LTE1-deg mutant is caused by enhanced loading of Kin4-S508A to dSPBs (Figure 6C, rows 7 and 8) .
To further characterize the effects of loading Kin4 onto both SPBs on MEN function, we examined the localization of Tem1. Tem1 localizes to the dSPB in anaphase. Its loss from this organelle correlates well with Kin4 inhibition of the MEN. In cells with a mispositioned spindle, Tem1 fails to load onto either SPB. Without KIN4, such cells inappropriately load Tem1 onto both SPBs, presumably triggering premature mitotic exit (D'Aquino et al., 2005) . Cells that overexpress KIN4 and arrest in anaphase also fail to load Tem1 onto either SPB (D'Aquino et al., 2005) . Accordingly, Tem1 association with dSPBs was reduced in KIN4-S508A LTE1-deg clb4D mutants during anaphase ( Figures  6D and 6E ). We conclude that even in the absence of spindle misposition, Kin4 targeted to both cell cortices and SPBs inhibits mitotic exit in the absence of LTE1.
DISCUSSION
Multiple Control Mechanisms Ensure that Kin4 Inhibits the MEN Only in the Mother Cell
The N-terminal kinase domain of Kin4 mediates MEN inhibition. Overexpression of this region of the protein alone is sufficient to inhibit the MEN and, hence, exit from mitosis. This potent MENinhibitory activity requires multiple control mechanisms to ensure that inhibition only occurs when the mitotic spindle is mispositioned and the MEN-bearing SPBs are in the mother cell. These regulatory mechanisms are:
(1) Lte1 dominates over Kin4. When both proteins are present in the same cellular compartment, Lte1's MENpromoting effects trump the MEN-inhibitory effects of Kin4. The LTE1-8N allele, which localizes to both the mother cell and bud cortices, promotes exit from mitosis in the mother cell even in the presence of Kin4 (Geymonat et al., 2009) . Conversely, the KIN4-S508A mutant only inhibits mitotic exit in the absence of LTE1.
(2) Kin4 is restricted to the mother cell cortex by unknown mechanisms.
(3) Kin4 is excluded from the daughter cell SPB. The dSPBspecific factors Clb4 and Kar9 inhibit binding of Kin4-S508A to the dSPB, suggesting that SPB asymmetry contributes an additional layer to Kin4 regulation.
While such multiple-overlapping mechanisms make their dissection difficult, they highlight the biological importance of restricting Kin4 function.
If Kin4 function is largely governed by localization, how is Kin4 localization controlled? The C-terminal 146 amino acids of Kin4 harbor sequences sufficient for association with the cell cortex. We do not yet know how this region mediates cortex association. It is, however, interesting to note that this cortical localization mechanism is operative in mammalian cells. Kin4 and kin4 (655-800) localize to the cell cortex in 293T cells while the point mutant, kin4(655-800)-F793A, failed to do so, suggesting that the localization mechanisms are the same in yeast and mammalian cells (Figures S2F and S2G) . Full-length Kin4 very transiently localizes to the bud tip during nascent bud formation but subsequently associates with the mother cell cortex ( Figure S3A) . The N-terminal domain of Kin4 appears to contain a bud cortex-targeting domain. kin4(1-341) was found to be associated with the bud cortex throughout the cell cycle ( Figure S3B ). Perhaps kin4(1-341) harbors the signals necessary for initial bud cortex association but lacks Figure 6 . Loading of Kin4 onto dSPBs Arrests Cells in Anaphase
, and LTE1-deg clb4D (A24085) cells were analyzed as in Figure 4C . 
Molecular Cell
Spindle Position Is Sensed by MEN Regulatory Zones the sequences necessary to redirect Kin4 to the mother cortex and/or clear the protein from the bud cortex. Residues 503-511 appear to contain such sequences. In their absence, Kin4 is present throughout the mother and bud cortices. It is important to note that while many proteins localize exclusively to the bud, only a few proteins show mother cortex selectivity. Such proteins must either defy vectorial transport that directs most newly synthesized proteins to the bud and/or be redirected back to the mother cell by unknown mechanisms (perhaps by selective proteolysis) to yield this unusual localization pattern.
The machinery that restricts Kin4 to the mother cell is not completely efficient. Low levels of Kin4 can be detected in the daughter cell, particularly in anaphase (L.Y.C., unpublished data). However, additional mechanisms exist that prevent leaky Kin4 from inappropriately inhibiting the MEN at SPBs. The dSPBassociated proteins Clb4 and, to a lesser extent, Kar9 exclude Kin4 from the SPB in the bud. Due to Kar9's critical role in loading Clb4 onto the dSPB and the lack of enhancement in Kin4 loading to both SPBs in the clb4D kar9D double mutant, we favor a model where Clb4 rather than Kar9 regulates Kin4's association with dSPBs (Maekawa and Schiebel, 2004) . Clb4 could modify SPB components or Kin4 itself to prevent Kin4 from binding to the daughter cell SPB. Alternatively, Clb4's role could be indirect. The interactions between cytoplasmic microtubules and the bud cortex are increased in clb4D mutants (Maekawa and Schiebel, 2004) . If symmetric Kin4 loads from the bud cortex to the dSPB via cytoplasmic microtubules, it is possible that increased cortex-microtubule interactions could lead to an increase in Kin4-S508A loading to the dSPB. Much needs to be discovered about the factors responsible for Kin4's unusual localization pattern, but our domain analysis of Kin4 already demonstrates that their function will be critical for coordinating cell-cycle progression and spindle position.
A Bud-Localized MEN-Activating Zone and a Mother Cell-Localized MEN-Inhibitory Zone Drive Spindle Position Sensing Our results and those of others demonstrate that SPOC function is at least in part based on the spatial restriction of the MEN regulators Kin4 and Lte1. In this ''zone model,'' for the MEN to become active and to promote exit from mitosis, one of the MEN-bearing SPBs must escape the zone of inhibition or the mother cell where Kin4 resides and enter the zone of activation or the daughter cell where Lte1 resides ( Figure 6F ). Perturbation of either zone leads to misregulation of the MEN. When Lte1 is localized in the mother cell, by overexpression, crippling of the septin ring diffusion barrier, or mutations within Lte1, cells with mispositioned spindles prematurely exit from mitosis (Bardin et al., 2000; Castillon et al., 2003; Geymonat et al., 2009) . Conversely, symmetric targeting of Kin4 inhibits exit from mitosis. The observation that Kin4 could only do so in the absence of Lte1 not only indicates that Lte1's MEN-promoting activity dominates over Kin4's inhibitory effects, it also raises the interesting possibility that in addition to its role in promoting timely mitotic exit, Lte1 restrains any spurious effects of Kin4 that leaks into the bud.
Our analysis of the KIN4-S508A allele has important implications for how we think about the SPOC. The observation that in the absence of LTE1, this allele inhibits exit from mitosis even in cells with correctly positioned anaphase spindles demonstrates that a spindle misposition event is not a prerequisite for Kin4's ability to inhibit the MEN. Thus, Kin4 is not a sensor of spindle position. Rather, it is the MEN-bearing SPBs and ultimately the GTPase switch Tem1 that moves and senses its position in space relative to its regulators, Lte1 and Kin4, that allows the MEN to monitor spindle position. The idea that MEN is activated by movement of an SPB out of the Kin4-inhibitory zone and into the bud is supported by several other observations. Tem1 becomes concentrated on the dSPB upon anaphase spindle elongation and is further enhanced by Lte1 (Bardin et al., 2000; Molk et al., 2004; Pereira et al., 2000) . Also, the MEN inhibitor, Bub2, is lost from the dSPB after it emerges into the bud (Molk et al., 2004) .
Several other models have been proposed for how the MEN is activated and how the SPOC functions to shut down the MEN in response to spindle position defects. A model where disappearance of the Bub2-Bfa1 GAP complex from the mSPB triggers mitotic exit is inconsistent with the demonstration that Kin4 association with SPBs inhibits MEN signaling (Chan and Amon, 2009; Fraschini et al., 2006; Maekawa et al., 2007; Pereira and Schiebel, 2005 ). An alternate model proposes that the presence of cytoplasmic microtubules in the bud neck contributes to SPOC function (Adames et al., 2001; Moore et al., 2009 ). Cytoplasmic microtubule-bud neck interactions could contribute to triggering and/or maintenance of the SPOC, but it is important to note that loss of cytoplasmic microtubules, as is observed in bim1D, cnm67D, and tub2-401 mutants, abolishes checkpoint function in only about 20% of cells that misposition their spindles (Adames et al., 2001) . This indicates that the presence of cytoplasmic microtubules in the bud neck is not the major mechanism whereby spindle position defects affect MEN signaling. In contrast, misdirecting Lte1 or Kin4 to the wrong compartment leads to an almost complete bypass of the SPOC and anaphase arrest, respectively.
We do not yet know how Kin4 and Lte1 ultimately control the MEN GTPase Tem1. Kin4 phosphorylates Bfa1, thereby preventing inactivation of the GAP complex by Cdc5 (Maekawa et al., 2007) . While this explains how Tem1 activity is controlled, it does not explain how Tem1's association with SPBs is regulated. How Lte1 activates Tem1 is also unclear. Lte1 contains putative guanine nucleotide exchange factor (GEF) domains, and it has been proposed that Lte1 may activate MEN signaling by acting as a GEF for Tem1 (Bardin et al., 2000; Pereira et al., 2000) . However, a recent study has found no detectable in vitro GEF activity for Lte1 against Tem1 (Geymonat et al., 2009) . Elucidating mechanistically how Tem1 receives signals from Kin4 and Lte1 and the role of the GAP complex in this process are important next steps in understanding MEN activation and SPOC function.
Sensing Activating and Inhibitory Zones: A General Theme in Checkpoint Signaling?
The tension-sensing aspect of the spindle assembly checkpoint (SAC) shares striking similarities with the SPOC model proposed here (Liu et al., 2009; Tanaka et al., 2002) . The SAC senses whether kinetochores are attached to microtubules and whether these attachments are under tension and thus properly bioriented. When this is not the case, the SAC arrests cells in metaphase (Lew and Burke, 2003) . The conserved protein kinase, Aurora B, severs microtubule-kinetochore attachments that are not under tension by phosphorylating the major microtubule-binding activity at kinetochores, the KMN network (Cheeseman et al., 2006; DeLuca et al., 2006) . The resulting unattached kinetochores are recognized by the SAC, which shuts down cellcycle progression in metaphase. Aurora B resides at the inner centromere (Liu et al., 2009; Tanaka et al., 2002) . When sister kinetochores are not attached by microtubules to opposite poles of the spindle and hence not under tension, the KMN network proteins reside in the Aurora B zone, where they are phosphorylated and lose their ability to bind microtubules. When sister kinetochores are properly bioriented and thus under tension, they are pulled away from the inner centromere, and Aurora B can no longer access its kinetochore substrates (Liu et al., 2009; Tanaka et al., 2002) . Thus, kinetochore-microtubule attachments are stabilized, and proper biorientation is achieved. By analogy to the zone model for spindle position sensing proposed here, Aurora B is not activated by tensionless kinetochores; rather, Aurora B is always active but restricted to a zone where tensionless kinetochores (by virtue of not being under tension) reside. Here, too, a cell-cycle checkpoint relies on the establishment of a regulatory zone to translate spatial information into a chemical signal.
EXPERIMENTAL PROCEDURES
Yeast Strains and Growth Conditions
All strains are derivatives of W303 (A2587) and are listed in Table S1 . Specifics of strain construction are detailed in the Supplemental Experimental Procedures. Growth conditions are described in the figure legends.
Plasmid Construction
All plasmids used in this study are listed in Table S2 . Specifics of plasmid construction are detailed in the Supplemental Experimental Procedures.
Immunoblot Analysis
Immunoblot analysis to determine total amount of Kin4-GFP and Kin4-3HA were as previously described (Chan and Amon, 2009 ). For immunoblot analysis of Kar2 and 3HA-Lte1, cell lysates were prepared as previously described (Chan and Amon, 2009 ). Kar2 was detected using a rabbit anti-Kar2 antiserum (Rose et al., 1989) at 1:200,000, and 3HA-Lte1 was detected using an anti-HA antibody (Covance, HA.11) at 1:1000.
Fluorescence Microscopy
Indirect in situ immunofluorescence methods for Tub1 were as previously described (Kilmartin and Adams, 1984) . For immunofluorescence detection of Tem1-3MYC, cells were fixed for 15 min in 3.7% formaldehyde and 100 mM potassium phosphate (pH 6.4) buffer and prepared for staining as above. Cells were incubated with a mouse anti-MYC (Covance, 9E10) antibody at 1:1000 and an anti-mouse-Cy3 (Jackson Laboratory) secondary antibody at 1:1500 each for 2 hr. Live-cell imaging techniques are as previously described (Chan and Amon, 2009 ).
Kin4 Kinase Assays
Kin4 kinase assays were performed as previously described (Chan and Amon, 2009 ).
Sequence Alignment
Kin4 orthologs were identified by BLAST (Altschul et al., 1997) , and sequence alignment analysis was carried out using T-Coffee (Notredame et al., 2000) .
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, Supplemental References, three figures, and two tables and can be found with this article online at doi:10.1016/j.molcel.2010.07.032.
